Intraperitoneal dissemination of ovarian cancers is preceded by the development of chemoresistant tumors with malignant ascites. Despite the high levels of chemoresistance and relapse observed in ovarian cancers, there are no in vitro models to understand the development of chemoresistance in situ. Method: We describe a highly integrated approach to establish an in vitro model of chemoresistance and stemness in ovarian cancer, using the 3D hanging drop spheroid platform. The model was established by serially passaging non-adherent spheroids. At each passage, the effectiveness of the model was evaluated via measures of proliferation, response to treatment with cisplatin and a novel ALDH1A inhibitor. Concomitantly, the expression and tumor initiating capacity of cancer stem-like cells (CSCs) was analyzed. RNA-seq was used to establish gene signatures associated with the evolution of tumorigenicity, and chemoresistance. Lastly, a mathematical model was developed to predict the emergence of CSCs during serial passaging of ovarian cancer spheroids. Results: Our serial passage model demonstrated increased cellular proliferation, enriched CSCs, and emergence of a platinum resistant phenotype. In vivo tumor xenograft assays indicated that later passage spheroids were significantly more tumorigenic with higher CSCs, compared to early passage spheroids. RNA-seq revealed several gene signatures supporting the emergence of www.neoplasia.com CSCs, chemoresistance, and malignant phenotypes, with links to poor clinical prognosis. Our mathematical model predicted the emergence of CSC populations within serially passaged spheroids, concurring with experimentally observed data. Conclusion: Our integrated approach illustrates the utility of the serial passage spheroid model for examining the emergence and development of chemoresistance in ovarian cancer in a controllable and reproducible format.
Introduction
Of all the gynecological cancers, ovarian cancer has the highest mortality worldwide [1] . The first line of chemotherapy (combination of platinum and paclitaxel), although successful in ovarian cancer, often leads to recurrent chemoresistant disease [2] [3] [4] [5] . Cancer stem-like cells (CSCs) are largely implicated for relapse of ovarian tumors, and the development of chemoresistance [6] [7] [8] [9] [10] [11] . Therefore, chemoresistance and CSCenrichment are recognized as major causes of failure for chemotherapy of ovarian tumors. Although advancement in genomic profiling has been successfully used to identify subtypes of ovarian cancer [12] , its application to elucidating mechanisms of chemoresistance is still evolving and can be furthered with reliable and clinically relevant in vitro models of chemoresistance [3, 5] .
Several models have been developed to experimentally address and reproduce the complexity and heterogeneity of cancer and the pathobiologic mechanisms that underlie the poor survival of patients with ovarian cancers [3] [4] [5] 13, 14] . Given their relevance to tumor metastasis and relapse, models of in situ chemoresistance development are a primary target of study, for both fundamental understanding of cancer biology and the development of effective and targeted treatments. However, the currently available in vitro models are lacking in the ability to understand the development of chemoresistance in situ. Moreover, the existing studies rely only on cell lines in which platinum resistance is derived in vitro, the mechanisms of which may have little or no relevance in the clinical setting [5, 15] . Additionally, these models lack a direct study of chemoresistance within a CSC-context, and therefore, in vitro models that incorporate CSCs' role in emergence of chemoresistance are critically important for developing biomarkers of chemoresistant disease, and for effectively targeting ovarian cancer. Currently available models for the study of CSCs rely on reprogramming, identifying side population or CSC populations using surface marker expression, selection of cells resistant to chemotherapy, modulation of oxygen tension, among others [16] [17] [18] [19] . While these models derive CSCs with moderate success, CSCs are notoriously plastic in in vitro 2D monolayer culture conditions, making biological queries cumbersome.
Therefore, in this report, we present an engineered 3D ovarian cancer serial passage model that addresses the development of chemoresistance and the enhancement of CSC populations simultaneously. Previously, in ovarian and other cancers, serial passaging of spheroids in vitro and serial transplantation of tumor cells in vivo has been demonstrated to lead to increased tumor growth rates, and decreasing time to form tumors with increasing passage number [20, 21] . We combined the power of serial passaging with 3D hanging drop array spheroids described by us extensively in previous reports [22] [23] [24] , to create a novel engineered serially passaged 3D spheroid platform. This model combines the advantage of spheroids grown on a 3D platform, as previously described, over conventional 2D culture, with the greater ease of an in vitro model compared to an in vivo model [22] [23] [24] [25] [26] . Moreover, compared to in vivo PDX serial passaging, our model is low cost, takes less time and can be applied to many more patient derived specimens. Furthermore, in contrast to our model, under same experimental conditions, serial passaging in 2D did not yield the same results.
Our model allows us to examine changing response to chemotherapy, along with a thorough investigation of proliferation, cell surface markers, and tumor initiating ability of serially passaged spheroids within a mouse xenograft in a reliably testable format. Using these experimental outcomes, we are able to inform our mathematical model describing the evolution of the CSC populations over the course of serial passaging ovarian cancer spheroids. By coupling our experimental data with a mathematical model, we can gain insights regarding CSC enrichment not otherwise possible, generate new hypotheses, and predict the outcome of experiments [27, 28] . Given the correlation of drug resistance with CSC populations shown in our data and other reports [6, 24] , predicting CSC evolution allows us to infer the emergence of chemoresistance in a patient-specific manner within our model system. While there are many models of CSC population development [28] [29] [30] [31] , to our knowledge, none have been applied to a serial passaging platform to predict enrichment of CSCs. The unique strength of our math model is that it is informed by experimental data, including those obtained from patient samples. Moreover, the math model can be used to predict more complex environmental conditions that include hypoxia, stem cell plasticity, extracellular matrix physical-chemical properties, etc.
The innovation in our approach stems from the use of a powerful in vitro model to simultaneously assess the emergence of chemoresistance with CSC-enrichment, combined with gene sequencing queries that demonstrate the predictive and prognostic capability of this in vitro platform. Coupled with the mathematical model to predict CSC enrichment, this integrated platform has utility in guiding targeted therapies for ovarian cancers, and studying the underlying mechanisms of chemoresistant and recurrent disease.
Experimental Methods

Cell Culture
All reagents used in the experiments were purchased from Life Technologies (Carlsbad, CA), unless otherwise specified. The high grade serous ovarian adenocarcinoma cell line OVCAR3 was obtained from ATCC (Manassas, VA). Patient cells were recovered from primary patient ascites and primary or metastatic tumors after informed consent under approved IRB protocol, following procedures established previously [6] . Briefly, primary patient malignant ascites infusions were centrifuged to recover a cell pellet, and red blood cells were lysed following manufacturer's protocol of a commercial ACK lysis buffer. Cells were obtained from primary or metastatic tumors using the tumor cell dissociation kit (Miltenyi Biotech, San Diego, CA) following manufacturer's protocols. Following 40 μm filtration to obtain single cell suspensions, cells were recovered by centrifugation and resuspended in a serum free medium. The patient samples utilized in this report were: tumor (Pt412, stage III, abdominal metastasis of high grade serous ovarian cancer) and ascites (Pt224, stage IV, platinum resistant ovarian adenocarcinoma).
OVCAR3 cells were cultured in 2D in 1640 RPMI supplemented with 10% fetal bovine serum and 1.5X antibiotics/antimycotics. Within the 3D hanging drop, OVCAR3 and Pt224 spheroids were cultured in serum-free medium, composed of 1:1 DMEM:Ham's F-12, supplemented with 1X B27 supplement without vitamin A, 1X MEM Non-Essential Amino Acids, 1X insulin-transferrin-selenium, 5 ng/mL Epidermal growth factor (EGF), and 5 ng/mL basic fibroblast growth factor (bFGF) [24, 25] . Pt412 spheroids were plated in a serum free medium that was the same as above, except for 10 ng/ ml EGF and bFGF. These cells were maintained in a humidified 37°C incubator with 5% carbon dioxide.
Generating Spheroids on the Hanging Drop Array
Spheroids were formed in hanging drop plates, purchased from XCentric Mold and Engineering (Clinton Twp, MI). For initial spheroid formation, cells were counted using a hemacytometer and diluted to contain 100 cells per 20 μL, and plated in 20 μL drops, following the procedure described previously [22] [23] [24] [25] . Serum free medium (3 μL) was added to the spheroids every 2-3 days.
Serial Passaging of Ovarian Cancer Spheroids
At their first plating in the hanging drop array, the spheroids were labeled as passage 0 (P0). At each passage, spheroids were maintained for 7 days on the array. On day 7, spheroids were harvested by pipetting out the drop, and disassembled through mechanical disruption caused by repeated pipetting of the spheroid in quick succession followed by accutase treatment. These single cells were counted and plated on a new hanging drop plate with density of 100 cells per 20 μL to generate passage 1 (P1) spheroids. This entire process was repeated 5 more times, to reach a passage number of 6 (P6) by day 42. Phase images of the spheroids were collected using live cell microscopy on a calibrated phase contrast microscope (Olympus IX81, Japan equipped with ORCA R2 Cooled CCD camera and CellSens software) on days 1, 7, and 10 of spheroid growth for each passage. At least 3 representative images were collected for each hanging drop plate, and at least 5 serial passage experimental plates were prepared for each sample.
Drug Treatment of Serially Passaged Ovarian Cancer Spheroids
On day 7 of every passage, spheroids were treated with one of the following: 50 μM Cisplatin, 50 μM Compound 673A (a novel inhibitor that targets ALDH1A1, ALDH1A2, ALDH1A3; [32] ), or no drug control (blank serum free medium). Three days after this treatment (day 10), phase images of the drug-treated and control spheroids were imaged and harvested for counting.
In order to examine proliferation and viability after drug treatment, alamarblue dye was used in a 1:10 dilution within the hanging drops, and fluorescence values were collected at 530 nm excitation and 590 nm emission within a microplate reader (Synergy HT, BioTek Instruments, Winooski, VT). Alamarblue from day 7 was normalized to day 1 for proliferation, and viability values from day 10 drug groups were normalized to non-drug treated values from day 10. Lastly, 10 spheroids were harvested from each drug treatment group, disassembled via mechanical disruption, and counted with trypan blue using a hemacytometer to assess viability and proliferation.
Fluorescence-activated Cell Sorting (FACS) on Serially Passaged Ovarian Cancer Spheroids
On day 7 of each passage, spheroids were collected and disassembled to single cells for FACS analysis according to previously established protocols [24, 25] . The Aldefluor Kit was purchased from StemCell Technologies (Vancouver, BC, Canada), and used to analyze the activity of ALDH in viable cells within spheroids. CD133 + cells were detected using an Anti-CD133 antibody purchased from Miltenyi Biotec (San Diego, CA). Furthermore, spheroids at P0, P3, and P6 treated on day 7 with 50 μM Cisplatin, 50 μM Compound 673, or no drug treatment, were examined on day 10 using FACS.
FACS sorting for ALDH+ and ALDH-cells
OVCAR3 cells were sorted as ALDH+ and ALDH-cells, as described previously [24, 25] . Briefly, cells were divided into equal volumes and concentrations across tubes, with at least 10,000 cells in each tube. Aldefluor assay was performed following the manufacturer's protocols, using DEAB as an established negative control, and activated Aldefluor reagent for positive staining of ALDH activity. Cells were incubated in the 37C incubator for 30 to 45 minutes, recovered by centrifugation, and resuspended in FACS buffer with 300 μmol/L 4′,6-diamidino-2-phenylindole (DAPI) to assess viability. Cells were processed through a flow cytometer, and forward and side scatter were used to isolate single cells, that were viable and DAPI negative. Gates were established using DEAB (less than 0.2% false positive), and stained tubes were used to sort for cells that represented ALDH+ and ALDH-populations.
RNA-seq
RNA was isolated from uncultured or cultured (P0, P3, or P6) spheroids derived from Pt224 and Pt412 using the Qiagen RNeasy Miniprep kit following manufacturer's protocol. RNA quality was verified using the Nanodrop, agarose Gel electrophoresis to test RNA degradation and potential contamination, as well as, RNA Integrity using Agilent 2100. After quality control, mRNA was enriched using oligo(dT) beads, and cDNA was synthesized by using mRNA template and random hexamer primers. cDNA library preparation was performed using a custom second-strand synthesis buffer (Illumina), and completed through size selection and PCR enrichment followed by quality control. Libraries were sequenced on the HiSeq 4000 (Illumina) by Novogene (Sacramento, CA).
The RNA-seq reads were aligned to the hg19 transcriptome using the pseudo-alignment tool Kallisto. The aligned reads were then imported and analyzed for differential expression using DESeq2 [33] . The transcript counts were summarized to gene-level counts using ensembl GRCh37 build using the biomaRt R package [34] . A principle component analysis (PCA) plot of the samples was generated after variance-stabilizing transformation of the counts data.
For each patient, genes differentially expressed between the P0 and P6 passages at a false discovery rate (FDR) threshold of 0.1 and absolute log 2 fold change threshold of 0.5 were identified. Heatmaps of the differentially expressed genes were plotted using the complex Heatmap package [35] in R after standardizing (centering and scaling) the expression data. Heatmaps of expression of 22 transcription factors (TFs) predicted to be activated in ovarian cancer stem cells in the literature are plotted to show the time-evolution of the serially passaged patient derived spheroids at P0, P3, or P6 [36] .
Xenografts from Serially Passaged Ovarian Cancer Spheroids
NOD SCID gamma female mice were purchased from Jackson Laboratories (Bar Harbor, ME), and injected with ovarian cancer spheroids at a starting age of 8-12 weeks. Injections were prepared by carefully harvesting Pt224 and Pt412 spheroids using a pipette and supporting them within Growth-Factor-Reduced Matrigel from Corning (Corning, NY). Mice received subcutaneous injections of 1, 10 or 50 Pt224 spheroids generated from 100 cells after 7 days of growth, from spheroids at P0, P3, or P6 (n = 6 in each group) and 10 spheroids (100 cells/drop) at P0, P3 and P6 generated using Pt412 sample (n = 6 in each group). Tumor size was measured once weekly using calipers. Mice were euthanized after tumors reached 1500mm 3 in volume, when tumors were then dissected, and placed within biopsy cassettes for histology, followed by Hematoxylin and Eosin staining.
Mathematical Modeling
Our two-compartment mathematical model was based on a simplistic set of differential equations proposed by Moliña et al. [29] and those proposed by Fornari et al. [28] . All simulations were performed in MATLAB version R2017b (Mathworks, Natick, MA, USA). Briefly, two equations were formulated; one describing change in the ALDH+ population, and the other describing changes in the ALDH-population ( Supplementary Figure 1) . Changes in the ALDH+ population are described by symmetric division, asymmetric division, symmetric differentiation, and death rates of ALDH+ cells. Contrarily, ALDHcells are assumed to be capable of only symmetric division and death, and depend on asymmetric division and symmetric differentiation of ALDH+ cells. Rate constants with the units of cells per day were derived mainly from experimental data and supplemented with the literature. Briefly, the symmetric division rate of ALDH+ cells is chosen based on the value that minimizes the collective difference between simulated cells per spheroid at the end of P0 and P1 and the observed cells per spheroid at the end of P0 and P1 (Supplementary Table 1 ). The symmetric division rate of ALDHcells was chosen to maintain an approximate ALDH+:ALDHproliferation rate calculated from FACS data and cell counts at the end of P0 and P1. Cell death rate of ALDH+ and ALDH-cells were determined via FACS. The asymmetric division rate was determined from Tomasetti et al. [37] , while the rate of symmetric differentiation by ALDH+ cells, has been found to be low through the observation of single cell divisions of ovarian cancer cell lines and primary samples, and is therefore taken to be 0 in this model [37, 38] (Supplementary Table 2 ).
Data Analysis
All serial passages were repeated with at least 5 biological replicates, with n ≥ 10 for each replicate for alamarblue analysis, and 3 cell counts for trypan blue. Analysis of flow cytometry data was performed on Summit Software (Beckman Coulter, Brea, CA). At least 10,000 live cells were analyzed for each experimental condition and used to determine percentage of ALDH or CD133 positive cells. For xenografts, longitudinal tumor growth was compared between different groups (naïve Pt224 or P0, P3, P6 spheroids, naïve Pt412 or P0, P3, P6 spheroids) using repeated measures ANOVA techniques and/or mixed-effect longitudinal models. Tumor weights were compared between different groups and controls using a student's two-sample t-test. Statistical data was analyzed in Graphpad Prism 7.0 (www.graphpad.com, San Diego, CA). One-way ANOVA was performed where necessary, with secondary post-hoc analysis. All data is presented as mean ± standard error of the mean. Significance was considered for P ≤ .05. Asterisks on the figure panels and legends indicate statistical significance.
Results
Proliferation Increased Within the 3D Engineered Serial Passage Model
The 3D engineered model of stemness and chemoresistance was established by serial passaging of non-adherent ovarian cancer spheroids on the hanging drop array. In order to evaluate the effect of the model on cell proliferation, the kinetics of cell growth in the 3D suspension were evaluated at each passage. At every passage in the model, spheroids were initially seeded at 100 cells per spheroid. This consistency was also evaluated by checking cell viability on Day 1, and no significant differences were present (Supplementary Figure 2 ). Furthermore, all three patient derived cells and cell lines (OVCAR3, Pt224, Pt412) formed spheroids with tight boundaries at every passage by Day 1, just 1 day after initial seeding of the cells into the 3D hanging drop array ( Figure 1 ). The fold-changes in alamarblue fluorescence after 7 days of growth compared to Day 1, increased with serial passaging.
The alamarblue results indicated a linear increase in proliferation for OVCAR3 spheroids as passage number increased ( Figure 1, A and  B) . At P6, the fold increase in alamarblue fluorescence was 12.2 ± 2.3, as compared to the fold-increase at P1 of just 6.5 ± 3.3. Cell counts reaffirmed this increase in proliferation, with the number of cells per spheroid increasing two-fold from P1 to P6 (54 ± 8.4 to 118 ± 7.8, Figure 1B ). Pt224 ascites cell proliferation also increased significantly with increasing serial passage, though to a lesser degree as compared to the OVCAR3 spheroids ( Figure 1 , D and E). The corresponding values of fold-change in proliferation indicate a 6.2 ± 1.7-fold increase at P0, compared to a 7.2 ± 1.2-fold increase at P6. Lastly, the Pt412 cell spheroids underwent an increase from 4.4 ± 0.97-fold proliferation at P3, to 6.7 ± 1.4-fold at P6, higher than the initial P0 value of 5.7 ± 1.6-fold. However, in Pt412 spheroids, drop in proliferation was observed in P3 ( Figure 1, G and H) . For all three ovarian cancer cell types and patient samples, the fold-change in proliferation at P6 was significantly higher than the proliferation at P0. These results demonstrate that the model caused increases in proliferation in all 3 ovarian cancer cell types.
Cancer Stem Cell Populations Were Enriched in Spheroids Within This 3D Engineered Serial Passage Model
In order to further examine the evolution of the CSC populations in our model, we quantified the ovarian CSCs expressing ALDH+ and CD133+ in the serially passaged spheroids. Given that chemoresistant CSCs prefer to form spheroids in suspension cultures, and can be enriched in such cultures, we assessed the effect of this model on the CSC subpopulation. Figure 2 shows the percentage of Neoplasia Vol. 21, No. 8, 2019 Engineered 3D Model of Stemness and Chemoresistance Ward Rashidi et al. total cells that are ALDH+ and CD133+ in OVCAR3, Pt224, and Pt412 respectively. From P0 to P6 in the OVCAR3 serially passaged spheroids, there was 5.6-fold increase of ALDH+ cells from P0 to P6 (from 2.28 ± 0.33 to 12.7 ± 2.21 percent), and a 2.5-fold increase in CD133+ cells (1.58 ± 0.46 to 3.97 ± 0.30 percent; Figure 2A ). A significant increase in ALDH+ and CD133+ cells were observed in the Pt224 cells as well, with nearly a 5.1-fold increase in ALDH+ cells from P0 to P6 (1.63 ± 0.08 to 8.44 ± 0.26 percent), and a 1.5-fold increase in CD133+ cells (2.27 ± 0.31 to 3.44 ± 0.5 percent; Figure  2B ).
Although the ALDH+ cells in Pt412 spheroids started off relatively high, there was still a 2.4-fold increase in ALDH+ cells between P0 and P6 (18.7 ± 4.08 to 46.02 ± 5.16 percent; Figure 2C ). The change in CD133+ population was especially high in Pt412 spheroids, with about a 7-fold increase between P0 and P6 (0.71 ± 0.09 to 5.18 ± 0.14 percent). The significant increase in ALDH+ and CD133+ cells in OVCAR3, Pt224, Pt412 spheroids serially passaged from P0 to P6 indicates that CSCs are enriched within this model. Moreover, serial passaging of the same cells in 2D was erratic, and did not show the same increase in ALDH+ and CD133+ populations as we observed within the spheroids.
Serially Passaged Spheroids in the 3D Engineered Model Exhibited Resistance to Cisplatin and Sensitivity to ALDH Inhibitor
After confirming that the CSCs were enriched in spheroids from P0 to P6, we hypothesized that resistance to cisplatin would also be observed as passage number increased within this model, and thus investigated the effectiveness of the model to enhance chemoresistance. Notably, there was an initial resistance to cisplatin in P0 following the first formation of spheroids in OVCAR3 that decreased upon passage to P1 (38% ± 2.23 viability in P0 to 27.3% ± 2.10 in P1). As hypothesized, when the spheroids were serially passaged from P1 to P6, this resistance to cisplatin increased ( Figure 3 ). The viability of OVCAR3 spheroids fell to 27.3% ± 2.09 with cisplatin treatment at P1, and rose to 61.3% ± 2.36 at P6 ( Figure 3A, C) . Pt224 and Pt412 cell spheroids reacted in a similar manner as OVCAR3 spheroids, with cell viability values at P1 of 27.7% ± 1.23 and 46.9% ± 6 respectively following 50 μM cisplatin treatment, and 42.6% ± 3.19 and 69% ± 2.16 at P6 respectively (Figure 3 , D, F, G, I).
Given that ALDH percentage increased with serially passaging, the spheroids were treated with 50 μM of Compound 673A, an ALDH inhibitor [32] . Cell viability in OVCAR3 spheroids dropped from 85.7% ± 2.6 at P1 to 69.8% ± 2.84 at P6 following treatment with the inhibitor (Figure 3B, C) . An increase in sensitivity to Compound 673A resulted in cell viabilities of 98.2% ± 2.17 and 84.8% ± 2.63 at P1 and 63.3% ± 4.1 and 66.8% ± 3 at P6 of Pt224 and Pt412, respectively (Figure 3 , E, F, H, I). These data corroborate increasing levels of CSCs in the spheroids as serial passage increased in this model. These data are consistent with our previous observations of ALDH inhibitor significantly reducing the viability of various patient derived CSC spheroids [24] . Serially passaging spheroids in the hanging drop array caused the emergence of resistance to cisplatin and increased sensitivity to the ALDH inhibitor.
ALDH Expression in Viable Cells Decreased Following Drug Treatment of Spheroids
Further, we sought to quantify the changes in the CSC population after treatment with cisplatin or ALDH inhibitor that occur within this model. Thus, we analyzed the ALDH activity in viable cells after these treatments. The percentages of ALDH+ cells in spheroids treated with 50 μM Cisplatin or 50 μM Compound 673A decreased compared to the controls. The ALDH+ population increased significantly with increased serial passage number (Figure 4 ). However, treatment with cisplatin decreased the levels of ALDH+ cells, with the exception of P0 for OVCAR3 and Pt224 spheroids. The greatest fold difference between control and drug treatment was clear in P6 spheroids. The decrease in ALDH+ cells was most drastic following treatment with the ALDH inhibitor. 
Spheroids From the Serial Passage 3D Engineered Model Initiated Ovarian Tumors In Vivo, With Later Passage Spheroids Exhibiting Higher Tumorigenicity Than Early Passage Spheroids
After confirming that our model enriched the ALDH+ population and increased chemoresistance, we observed how tumor growth could be impacted by enrichment in CSCs and chemoresistance within this model. This was done by subcutaneously injecting a limiting number of spheroids or 2D grown cells (1 million cells) as positive control into the flanks of NSG mice ( Figure 5 , A and C). Tumorigenicity increased with serial passaging among tumors initiated from Pt224 P0, P3, or P6 spheroids. A similar trend was observed in tumors initiated from P6 and P3 spheroids as compared to P0 spheroids in mice injected with Pt412 derived spheroids ( Figure 5B , Supplementary Figure 3 ). Following injection of 50 Pt224 spheroids, tumor growth from P6 spheroids was detectable as early as 2 weeks, with complete initiation of tumors from P3 and P6 spheroids by week 4 following injection. P0 spheroids completely initiated tumors by week 5. One million Pt224 cells from 2D culture-initiated tumors by week 4. Tumors from 2D cells reached the final tumor volume of 1500 mm 3 before the other tumor groups formed from 50 spheroids ( Figure 5A ). Following injection of 10 Pt224 spheroids, P6 spheroids had 100% initiation by week 4, and tumors from P3 spheroids achieved 100% initiation by week 5, with tumors from P0 spheroids initiated 100% by week 7 (Supplementary Figure 3) . Similarly, after the injection of 4 spheroids, those from P6 initiated 100% tumors by week 4, meanwhile the lower passage spheroids did not initiate tumors before week 6. Additionally, when just one Pt224 spheroid was injected, P0 spheroids did not form tumors through 15 weeks of observation, though both P6 and P3 spheroids were able to form tumors, with P6 tumors initiating 3 weeks prior to P3 spheroids. This differential tumor initiation also corresponded with differential time-points for reaching final tumor volume, with tumors from P6 spheroids reaching the endpoint before P3 spheroids, which reached the endpoint before P0 spheroids. In mice administered with 10 Pt412 derived spheroids, P0, P3 and P6 passages initiated tumors by week 2, but P6 reached the tumor volume endpoint earlier than the P0 and P3 passages, indicating a higher number of tumor initiating stem cells and higher tumorigenicity in P6. These results highlight the relevance of the serial passage model in modulating the tumor aggressiveness and accelerating rate of tumor formation in later passage spheroids.
Additionally, we examined the role of later passage spheroids in inducing larger tumor load and faster initiation using extreme limiting dilution analysis (ELDA) [34] (Figure 5 , D-G, Supplementary Table S3 ). The fitted model displayed vastly different tumorigenicity and CSCs in the three groups. Specifically, in case of Pt224, the CSC frequencies in P6 increased to 1 in 0.6, from 1 in 28.5 at P3, and from 1 in 62 for P0 spheroids (Figure 5, D, F) . Meanwhile for patient metastasis derived Pt412 sample, CSC frequency was estimated as 1 CSC per cell at P6, 1 CSC in 45 cells at P3, and 1 CSC in 92 cells at P0, which were significantly higher than CSC frequencies in patient ascites Pt224 spheroids. Therefore, Pt 412 demonstrated highly enriched cancer stem cell population in P6, as compared to P3 and P0 ( Figure 5, E, G) . These findings underline the role of serial passaging in enriching and maintaining CSCs [35] .
Spheroids Initiated With ALDH+ Had Greater Proliferation Compared to ALDH-cells
Knowing that the serial passage hanging drop array model induced an increase in the percentage of ALDH expressing cells at later passages, we quantified the differences in the proliferation rates between spheroids initiated with ALDH+ and ALDH-cells. Spheroids initiated with ALDH+ cells had greater fold-changes in proliferation than ALDH-cells ( Figure 6 ). Based on alamarblue fluorescence, a significant difference in proliferation was observed after a week of growth; with about a 5-fold difference in ALDH+ cells to near a 3-fold difference in ALDH-cells ( Figure 6B ). Moreover, there was a significantly higher percentage of cells expressing Ki67+ cells in the ALDH+ cells initiated spheroids compared to the ALDHgroup ( Figure 6C ). This provides evidence that our model may be increasing the ALDH+ population over serial passage, and thereby causing the increase in proliferation that was observed.
RNA Sequencing Reveals Stemness, Tumorigenic and Chemoresistance Signatures Through In Vitro Passaging
Using RNA sequencing, we assessed genome-wide changes to RNA synthesis and stability in Pt412 and Pt224 CSC spheroids that underwent early (P0), middle (P3), or late (P6) serial passaging in the 3D model. Generation of a PCA plot from our gene-expression data shows a clear difference in gene signature between each patient sample ( Figure 7A) . Similarly, we observed a definitive trend showing changes in gene signature within each patient sample with serial passaging. This trend was also evident in Pt224 and Pt412 heatmaps showing significantly up-and down-regulated genes for each patient sample across P0, P3, and P6 spheroids ( Figure 7B ).
Of the significantly up-regulated genes for Pt224 (553 genes) and Pt412 (507 genes), a total of 142 genes were commonly upregulated in both patient samples. From these 142 genes, we identified and binned 9 of the most highly upregulated genes associated with stemness (WLS [39, 40] , ALDH1A1 [41, 42] , BMP2 [38, 43] , RSPO3 [44, 45] ), tumorigenicity (MAGEB2 [46, 47] , BMP2 [38] , EFNB2 [48] , SERPINE2 [49] [50] [51] [52] [53] , HHIP [54] [55] [56] , PTGS2 [57-60]), and chemoresistance (WLS [39, 40, 61] , ALDH1A1 [62, 63] , BMP2 [38] , PTGS2 [57, 64] ) based on the literature (Figure 7, C, D) . The upregulation of these genes between P0 and P6 for both patient samples was subsequently confirmed with qRT-PCR. While qRT-PCR confirmed the upregulation of all binned genes, ALDH1A1 was among the top two upregulated genes in both patient samples regardless of quantification metric (Figure 7D, E) . Further analysis of 17 transcription factors previously associated with ovarian CSCs indicated that FOXA1 and LEF1 are significantly upregulated between P0 and P6 spheroids generated from Pt412 cells with the thresholds used in our analysis ( Figure 7F) [36] .
Mathematical Modeling Strongly Predicts Emergence of Cancer Stem Cell Populations, and Tumorigenicity Within Serially Passaged Spheroids
To further validate our experimental findings, and enhance the utility of our model as a predictive and prognostic tool, we developed a mathematical model describing the emergence of ALDH+ populations across 6 passages. In simulating the growth of a spheroid over 7 days for the OVCAR3 cell line ( Figure 8A) , as well as Pt224 ( Figure 8B ) and Pt412 cells ( Figure 8C ), we corroborate our experimental findings of increased proliferation in later passages. Spheroids formed from the Pt412 metastatic sample were predicted to exhibit the greatest increase in proliferation (1.19-fold simulated P0-P6 increase vs. 2.1-fold experimental P0-P6 increase) compared to the OVCAR3 cell line (1.084-fold simulated P0-P6 increase vs. 1.6-fold experimental P0-P6 increase) and the Pt224 ascites sample (1.083- fold simulated P0-P6 increase vs 1.7-fold experimental P0-P6 increase). As expected, this increase in proliferation corresponded with increased ALDH+ percentages, with Pt412 spheroids exhibiting highest ALDH+ levels (35.61% simulated vs 46±5.2% experimental) after 6 passages ( Figure 8G ), followed by OVCAR3 spheroids (9.78% simulated vs 12.1±2.2% experimental) ( Figure 8E ) and lastly Pt224 spheroids (8.65% simulated vs 8.4±0.26%) ( Figure 8F ). These findings mirrored our experimental data confirming the ability of our model to reproduce biological trends. Interestingly, the model also predicts a plateau in cells per spheroid and ALDH+ cells within spheroids of each patient sample, which could not be perceived from our experimental data. This is especially evident when the model is used to simulate 20 passages, indicating that Pt412 cells per spheroid begins to plateau around passage 9 (9206 cells/spheroid), while the increased percentage of ALDH+ cells is predicted to plateau around passage 11 (~38.0%). On the other hand, Pt224 and OVCAR3 spheroids are predicted to plateau in cells per spheroid around passage 18 (5506 and 7160 cells/spheroid respectively) and in percentage of ALDH+ cells around passage 20 (~30.6% and~28.7% respectively; Figure 8D , H).
Discussion
Ovarian CSCs are putative mediators of chemoresistance and recurrent disease, escaping conventional chemotherapy and Figure 5 . Spheroids from higher serial passage number within this model are more tumorigenic in NSG mice. A) For Pt224, tumor volume as a function of time for 50 spheroid/s (n = 6 in each group). Fifty spheroids from P0, P3, and P6 all reached the endpoint of 1500 mm 3 by week 6, and 1 million 2D grown cells reached endpoint by week 4. B) For Pt412, tumor volume as a function of time for 10 spheroids (n = 6 in each group). 10, 100 cell spheroids from P0 and P3 reached the endpoint of 1500 mm 3 by week 5, while P6 group reached end point by week 4. C) Macroscopic pictures and photomicrographs of hematoxylin and eosin images of naïve patient tumor and xenografts observed in NSG mice with subcutaneous injections of spheroids or 2D grown cells. Scale bar = 50 μm. D) Plot for Pt224 of the log fraction of mice bearing no tumors in 4 weeks (Log fraction nonresponding) as a function of the number of spheroids injected in NSG mice at that serial passage (Dose). The slope of the line: log-active cell fraction; dotted lines: 95% confidence interval; down-pointing triangle: cell dose with 0 non-xenografted mice. The more vertical the line, the higher the percentage of stem cells in that passage (n = 6, ****P ≪ .0001). E) Plot for Pt412 of the log fraction of mice bearing no tumors in 4 weeks (Log fraction nonresponding) as a function of the number of spheroids injected in NSG mice at that serial passage (Dose). The slope of the line: log-active cell fraction; dotted lines: 95% confidence interval; down-pointing triangle: cell dose with 0 non-xenografted mice. The more vertical the line, the higher the percentage of stem cells in that passage (n = 6, ****P ≪ .0001). F) Inverse of frequency of stem cells as determined by Extreme Limiting Dilution Analysis (ELDA) between different passages for Pt224. Lower number indicates higher fraction of cancer stem cells in P6, compared to P3 or P0 (n = 6, ****P ≪ .0001). G) Inverse of frequency of stem cells as determined by Extreme Limiting Dilution Analysis (ELDA) between different passages for Pt 412. Lower number indicates higher fraction of cancer stem cells in P6, compared to P3 or P0 (n = 6, ****P ≪ .0001). contributing to relapse and tumor progression [65, 66] . Therefore, in this study, we engineered an in vitro model that probes development of chemoresistance within a CSC-context. Traditional monolayer models of chemoresistance neither recapitulate the 3D cell-cell interactive microenvironment, nor are they comparable to chemoresistance observed in the clinic [67] [5] . A variety of traditional chemoresistance models also do not address the CSC context. Since the CSC phenotype is notoriously heterogeneous and unstable in 2D monolayer cultures, serial passages in xenografts are performed to study tumor initiating traits and CSC characteristics in serous ovarian cancer [65, 68, 69] . Genetically engineered mouse models and patientderived xenografts, although more representative of primary disease, are expensive to establish and perform routinely [70] [71] [72] . For these reasons, 3D spheroid and organoid models are used for preclinical drug screening in vitro to bridge the gap between 2D monolayer cell culture and xenografts [22, 23, 73, 74] . In our current serially passaged spheroid model, we demonstrate the combined evolution of chemoresistance along with CSC traits in vitromimicking the progression of recurrent malignant ovarian carcinoma. We address the challenge that in vitro models of recurrence must mimic the complexity and heterogeneity of in vivo tumors and provide the longevity needed to capture tumor dormancy following chemotherapy.
We observe that cells placed in the 3D spheroid culture and taken through serial passaging, enriches for CSCs, evidenced by the increasing expression of ALDH through the passages. Our observation of 3D enrichment of the CSC marker, ALDH, is corroborated by increased expression of ALDH1A1 as per RNA-Seq and qRT-PCR, which also showed increased stemness, chemoresistance, and tumorigenicity signatures. This is in line with other reports in various cancers including breast cancers, where enrichment of CSC traits are observed in non-adherent 3D culture systems [75, 76] . The increasing ALDH expression with increasing serial passage is correlated with increased proliferative rates of ALDH+ cells, compared to ALDH-cells. Similar to this phenomenon observed by us, Alvero et al. also reported that serially passaging CD44+ epithelial ovarian cancer CSCs triggered a "repair/proliferation" signal, where the process of proliferation by non-stem CD44-cells derived from a quicker differentiation of CD44+ cells was heightened [20] . Increasing growth rates for serial passaged xenografts were also reported in colorectal tumors, where later generations had higher growth rates compared to earlier generations of xenografted tumors [21] . Moreover, the inconsistent expression of CSC markers in 2D passaging validates the use of our 3D serial passaging model, which produces more consistent and predictable increases in expression of CSC markers with serial passaging.
In this model, we also report that with increasing ALDH+ populations with serial passage, we observe an increasing chemoresistance to conventional platinum-based therapy, and an increased sensitization to Compound 673A, an ALDH targeting compound. We have previously reported that Compound 673A targets the ALDH positive population in patient derived CSC spheroids, and reduces ALDH expression and activity in these spheroids [24] . The increase in chemoresistance to cisplatin is not surprising, given that several reports suggest the strong correlation of the presence of ALDH to chemoresistance in clinical cohorts, as well as, in in vitro models and patient derived xenografts in ovarian and other cancers [6, [77] [78] [79] . Clinically, chemoresistance develops despite initial chemosensitivity in ovarian cancer. Excluding the transition from 2D to P0 3D spheroids, subsequent 3D passaging from P1 onwards resulting in increasing chemoresistance is thereby not surprising and putatively mirrors clinical observations in ovarian cancer.
Similar to reports by Hu et al. [80] where increased tumor burden was observed when side population CSCs were injected into mice, compared to non-side population cells, we observe that injection of spheroids from P6 or P3 (which are significantly more enriched in CSCs) demonstrate a higher tumor burden when compared to spheroids injected from P0, in line with several reports of higher tumor initiating abilities in ALDH+ cells compared to ALDH-cells in murine xenograft models [6, 77, 81] . Thus, our model was successfully able to enhance tumorigenicity as well. In fact, at late passage (P6) we observed significantly higher estimated cancer stem cell frequency as compared to early passage (P0). This increase in the CSC frequency at late passage was also correlated with earlier tumor establishment and greater tumor burden. Moreover, in comparison with serial passaging in PDXs, our model demonstrates higher efficiency, low cost, low latency, low time commitment, as well as, ability to test numerous patient derived tumors for personalized diagnostics and therapeutics. When considering the clinical utility of this model, it is important to note that while the model in this work is presented over 6 passages, the early passages could be utilized to direct initial therapies, with treatment adjustments being made later based on subsequent passages. Furthermore, with more clinical validation, our mathematical model could be used to predict emergence of CSC phenotypes based only on data from P0 and P1, which could then be used to inform treatment strategies on a much shorter time frame than PDX models.
The validity of our results showing increased stemness, chemoresistance, and tumorigenicity using our model is validated by our RNA-sequencing and qRT-PCR results from P0, P3, and P6 spheroids. In addition to clear changes in gene expression with passaging, we also report a new gene signature of upregulated genes binned into stemness (WLS, ALDH1A1, BMP2, RSPO3), tumorigenicity (MAGEB2, BMP2, EFNB2, SERPINE2, HHIP, PTGS2), and chemoresistance (WLS, ALDA1A1, BMP2, PTGS2) based on current reports in the cancer literature. Interestingly, ALDH1A1 was among the top two commonly upregulated genes in both patient samples regardless of quantification metric. This likely indicates high involvement of ALDH1A1 in stem cell enrichment and increased platinum resistance observed with serial passaging. Furthermore, this finding helps to explain the increased sensitivity to ALHD inhibitor observed with passaging, and lends credence to the use of Compound 673A to treat platinum refractory ovarian cancer.
Our sequencing data also revealed upregulation of two transcription factors, FOXA1 and LEF1, that had previously been associated with ovarian CSCs [36] . Interestingly, these two factors were only found to be significantly upregulated in the Pt412 sample. This difference between Pt224 and Pt412 may be due to the different stage and history of each sample (ascites vs abdominal metastasis) as well as the greater increase in ALDH+ OvCSCs in Pt412 spheroids compared to Pt224 spheroids.
As a whole, given the results from our model and previous findings in the literature, we believe that the gene signatures presented by serially passaged P6 spheroids in vitro are extremely representative of a clinically malignant, chemoresistant disease portending poor prognosis. It is important to note that while some genes upregulated in our P6 spheroids, such as BMP2 [38, 43, 82] and SERPINE2 [49, 55] can be associated with pro-or anti-malignant features in different cancers, their upregulation in our P6 spheroids implicates them in malignant features of ovarian cancer. That said, future studies should further investigate the role of these gene signatures in ovarian cancer and development of chemoresistance with more patient samples and functional assessments of each gene.
Concurrent with our in vitro data, the mathematical model demonstrates increased CSC proportions and proliferative capacity in a patient-specific manner over six passages, mimicking the increased tumorigenicity of CSCs. Our model additionally demonstrates CSCdriven tumor development consistent with the CSC hypothesis [29, 38] . While our model mimics increased cells per spheroid over 6 passages, the simulated fold increase is significantly lower than that determined experimentally. This discrepancy can be attributed to the simplicity of the model, which will be made increasingly more robust with additional biological considerations, such as dedifferentiation [83] , successive decrease in progenitor proliferation capacity [28] , or the stratified proliferative, quiescent, and necrotic regions that may form within spheroids [84] , for example. However, over longer term passaging our model predicts a plateau in cells per spheroid which could represent the development of quiescent and necrotic regions within a spheroid as it grows larger and the inner cores become deprived of nutrients and oxygen [85] . While this cannot be confirmed with our data, it serves as a solid basis for future experimentation. Interestingly, our model also predicts the eventual plateau of CSC populations within spheroids of each sample over the course of 20 passages, which could not be discerned from our experimental data within the six serial passages. This finding supports reports of negative feedback control on CSC populations by non-CSCs when space is limited [86] . In the 20-passage simulation, Pt412 spheroids were shown to reach cell/spheroid and CSC population plateaus much faster than the other two samples. This finding perhaps indicates that Pt412 would be quicker to develop ALDH conferred chemoresistance and relapse as their corresponding spheroids were simulated to reach their putative nutrient and space limitations fastest. Given that Pt412 contains the highest proportion of ALDH+ cells, which are generally more proliferative and chemoresistant [32, 87, 88] , this observation is plausible. Additionally, this interpretation supports our in vivo evidence showing that xenograft tumors Neoplasia Vol. 21, No. 8, 2019 Engineered 3D Model of Stemness and Chemoresistance Ward Rashidi et al.
generated from Pt412 spheroids reached the tumor size endpoint 1 week faster for P0 and P3 and 2 weeks faster for P6 than tumors generated from Pt224 spheroids. These findings may be indicative of the need for differential treatment strategies for Pt412 and Pt224. While other mathematical models have been developed to describe tumor growth dynamics and chemoresistance relative to CSC proportion, none have modeled CSC emergence in serial passaging of epithelial ovarian cancer spheroids [27] [28] [29] [30] [89] [90] [91] , which can provide easily discernable, experimentally derived parameter-values to enhance biological relevance of the model. Similar to our model, Fornari et al. [28] proposed an experimentally informed system of equations to investigate CSC-driven tumorigenesis and analyze tumor growth dynamics based on CSC population proportions at passage 1, 2, and 3. Analysis of this model was contained within each passage and did not attempt to predict increased CSC populations across passages. Fornari's model, as well as others, solely attempt to model population development within a single growth iteration and do not attempt to predict emergence of increasing CSC populations across iterations [28, 29, 31] limiting their utility in modeling emergence of CSC-related chemoresistance upon relapse. Lastly, many other mathematical models of tumor recurrence do not take into account the role of cancer stem cells in relapsed tumors and resulting increased chemoresistance [92] [93] [94] . Therefore, while simple, our model demonstrates a novel mathematical application by which the development of chemoresistance within epithelial ovarian cancer can be inferred in a patient-specific manner using only data from P0 and P1. Moreover, our math model can be easily adapted to include other experimental parameters that influence CSC evolution, including hypoxia, extracellular matrix biophysical properties, stem cell plasticity, and paracrine interactions with other cell types in the TME.
Through these studies, we report an in vitro spheroid model that generates reproducible spheroids and results, takes a relatively short period of time to develop, more accurately addresses in situ chemoresistance development, and could be further used to examine the development of chemoresistance in the setting of enhanced cancer stem cell populations. This serial passage hanging drop model also incorporates the study of ovarian CSCs, thereby modeling the evolution and emergence of chemoresistance within a micro-tumor with a CSC-context. Since chemoresistance is observed in many ovarian cancer patients after first line chemotherapy, and we observe increased resistance to conventional chemotherapy in serially passaged spheroids, this model is well suited to study the in situ emergence of chemoresistance. Using the serial passage spheroid model, widely available -omics approaches can be used to analyze changes at genetic, epigenetic, metabolic and secretome levels, and compare them between parental tumors, chemosensitive and subsequent chemoresistant passages. The evolution of chemoresistance could be related to molecular mechanisms, and the mechanistic roles attributed to key players within the molecular pathways could be further explored in vitro. This model has a wide variety of applications in both biomarker discovery, as well as preclinical screening from an evolved chemoresistant tumor standpoint. Apart from the obvious advantage of being physiologically relevant, the serial passage spheroid model recapitulates the existence of CSCs in malignant ascites that aggregate into spheroids to escape anoikis and maintains cellular heterogeneity of patient derived ovarian tumors, which can be utilized to study cellular interactions and their resultant biology in a systematic manner. Lastly, this model could be used as a way to enrich CSCs and chemoresistance within patient derived cells, and ultimately examine better treatment options for these patients. Therefore, we present a newly engineered 3D ovarian cancer model to discern the underpinnings of chemoresistance development and role of ovarian CSCs in this process.
